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Abstract Porosity variations in saline media containing humidity are induced by
temperature gradients. A temperature imposed on a porous salt sample prepared with some
brine and closed to mass transfer leads to significant variations of porosity in few weeks.
Modelling of the experiments permits to understand the processes involved.
Keywords Temperature gradient · Dissolution/precipitation of salt · Vapour flux ·
Porosity variations · Salt aggregate
1 Introduction
Crushed salt is considered for backfilling cavities in salt mines. If radioactive waste is stored
in underground cavities in salt rock, temperature gradients are induced, and migration of
humidity and dissolved salt takes place. An amount of humidity both, in the gas phase as
vapour, and in the liquid phase as brine, is expected in crushed salt. The main objective of
this article is the understanding of porosity variations in saline media induced by tempera-
ture gradients and to demonstrate experimentally what was advanced in a previous work by
Olivella et al. (1996a) on a theoretical basis. At present, experimental results intended for
proving that the phenomenon takes place as it was advanced and, more interesting, with the
predicted magnitude and time scales are available. In addition, the modelling work with a
relatively simple approach confirms the processes assumed.
In the past, a quite extensive work has been performed in the field of crushed salt com-
paction (e.g. Spiers et al. 1990; Korthaus 1996; Olivella and Gens 2002) while less effort
has been dedicated to investigate its hydro-thermal behaviour. Although saline media remain
apparently dry, small contents of moisture are the cause for several processes.
Figure 1 shows a schematic representation of the main processes considered in this study.
First, solubility dependence on temperature originates salt concentration gradients. Second,
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Fig. 1 Schematic representation of involved processes in the unsaturated salt sample subjected to temperature
gradients
temperature vapour concentration originates gradients of vapour pressure and, consequently,
migration of water vapour (vapour may migrate through the gas phase as the pores are filled
with liquid and gas phase). As water evaporates from saturated brine (brine with salt con-
centration at equilibrium corresponding to temperature), concentration of solute increases
above the equilibrium solubility and salt precipitates. In the same way, water condensation
induces dissolution of salt. The vapour, transferred from a hot region to a cold one, generates
a brine motion. Motion of salt in dissolution may be advective, liquid tends to flow in order
to compensate for vapour migration, or non-advective (diffusion plus dispersion), induced
by gradients of salt concentration. Under unsaturated conditions, it seems that the second
mechanism of solute transfer (i.e. induced by vapour migration) would be dominant with
respect to the other one (i.e. induced by temperature-concentration differences). Of course,
this relative importance of transport mechanisms depends on the transport properties of the
medium. But it has to be said that the diffusion of vapour in air is much more effective than
the diffusion of salt in brine. The dominance of solute migration induced by concentration
differences would take place in saturated conditions because vapour migration is not possible
in such a case.
The study of this problem was developed in two different manners: first, the laboratory
tests were carried out and afterwards these results were compared with a numerical approach
using CODE_BRIGHT, a finite element program developed for the resolution of thermo-
hydromechanical problems of salt materials (Olivella et al. 1996b).
Finally, some of the processes studied in this article have also been investigated in a dif-
ferent context. Gran et al. (2011) show an experimental work which permits to analyse the
dynamics of water vapour flux and water separation processes during evaporation from a salty
soil. The soil contains salinized water that under evaporation may induce precipitation of salt
crystals. In that case, the material is open to atmosphere and therefore the sample experiences
a drying front and a global reduction of its water content. In contrast, in the study presented
here the samples are closed to mass transfer and therefore the mass is conserved.
2 Experimental Work
Figure 2 shows a picture of the apparatus to investigate the porosity variations in saline media
under temperature gradients. Figure 3 shows the assembly of the salt sample that was used
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Fig. 2 Experimental apparatus to investigate the porosity variations under temperature gradients
Fig. 3 Assembly of the salt sample used for the laboratory tests
for the laboratory tests. The geometry of the sample is cylindrical. Deformations are not
permitted in the sample ends. In fact, there is a rigid ring and the heat transmitter plates are
fixed in their position by three rods. The sample was sealed laterally from heat exchange with
the outside by three layers: the sample ring, an insulating rubber and a plastic cover. The
two heat-transmitter heads establish a fixed value of temperature in each side of the sample
during the test.
During the laboratory work, a reference test was defined with the properties in Table 1.
Several laboratory tests were performed with the same characteristics of the reference test
and with different times to dismantle the test. In order to determine the variation of porosity
and brine content, the sample was cut into slices to determine density and humidity. The
chosen dismantling times were 7, 15, 30 and 65 days. In addition to this, tests with different
initial degree of saturation and different initial porosity of the sample were performed. The
results of the laboratory tests have shown that porosity variations in saline media induced by
a heat source are significant. In addition, the repeatability of the tests was verified.
Figure 4 shows some pictures of the samples after the test. In some cases, the sample
developed big voids on the cold side due to dissolution during a long term (after 65 days).
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Table 1 Properties of a
reference test Sample Cylindrical with horizontal axis
Diameter 50 mm
Length 100 mm
Initial porosity 30%
Initial saturation degree of brine 40%
Grain size 1–2 mm
Hot side temperature 85◦C
Cold side temperature 5◦C
Testing time 15 days
Fig. 4 Picture of the sample after the test (left) and details of the cold side of a sample
The presence of macro void is clear and the material is no longer continuous. Preferential
paths for brine and vapour flux have developed. All these aspects cannot be easily represented
with a numerical model based on the assumption of continuous medium.
Figure 5 shows the evolution of porosity in the sample as measured. A trend line is repre-
sented. It has to be reminded that results for different times can only be obtained by different
samples dismantled at different times. A dissolution front forms in the hot side, but disappears
as it reaches the cold side of the sample. Then, porosity tends to reduce near the hot side.
The experimental results indicate that porosity reduction is limited and a minimum of 20% is
reached. The experimental behaviour seems to indicate that there must be a void size in which
the gas and brine flows are strongly reduced. So, dissolution/precipitation phenomena are
probably limited by the capacity of the fluids to move in the porous media. Figure 6 shows the
distribution of volumetric brine content in the sample. Since this variable does not respond
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Fig. 5 Evolution of porosity in the sample as a function of time. The results correspond to different samples
with measurements made after the experiment was stopped at 7, 15, 30 and 65 days. Initial porosity was 30%
and initial saturation was 40% (a tendency line is shown)
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Fig. 6 Volumetric brine content in the samples. The results correspond to different samples with measure-
ments made after the experiment was stopped at 7, 15, 30 and 65 days. Initial porosity was 30% and initial
brine content 12% (a tendency line is shown)
to heating with large variations, the degree of saturation will vary as porosity undergoes
significant variations (volumetric brine content = porosity × degree of saturation).
Figure 7 shows the results for a series of tests performed at three initial porosities. The
initial values considered were 20, 30 and 40%. An initial porosity in the sample implies
different properties for diffusion of vapour, liquid flow and heat flow, at least for the initial
stages of the process. Also, the retention capacity is modified because the retention curve
depends on porosity. The experiments show in a consistent way a larger porosity variation for
the larger initial porosity which can be explained by a larger capacity of the fluids to move
in the pore space. The front of higher porosity (from hot to cold) that was observed in Fig. 5
is also distinguished here for the three cases. For the lower initial porosity, the front is less
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Fig. 7 Porosity at 15 days for experiments at different initial porosities. The initial degree of saturation was
40% for all the samples (a tendency line is shown)
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Fig. 8 Porosity at 15 days for experiments at different initial degrees of saturation. Initial porosity was 30%
for all the experiments (a tendency line is shown)
advanced than for the higher initial porosity, indicating again the differences in mobility of
the fluids depending on the initial porosity and consequently on the transport properties.
Finally Fig. 8 shows the influence of the initial degree of saturation in the sample on the
porosity variations. The three values considered are 40, 30 and 10%, this latter representing
a small amount of brine present in the material. Surprisingly, the results of the experiments
show little sensitivity to this a priori relevant initial condition. The interpretation of this result
is that the process investigated requires a relatively small amount of brine to take place and
that it is not accelerated by more brine. In fact, very high degree of saturation would tend to
reduce the effectiveness of the process as part of the sample could saturate and that would
suppress the diffusion of vapour.
Further details of the experiments carried out can be found in Castagna (2007).
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3 Specific Aspects of Modelling
In this section, the material properties that are more significant for the modelling undertaken
are described. Some of them require specific functions to consider the variations as a function
of porosity required in this investigation. Of course, adopting these empirical functions is
not a straight forward process and required a series prospective calculations until the values
presented here were selected.
The permeability for gas flow is the product of the intrinsic permeability and gas relative
permeability, while the permeability of a liquid is the product of the intrinsic permeability
and liquid relative permeability. These appear in Darcy’s law which is written as:
qα = −
kkrα
μα
(∇ Pα − ρα g) (1)
where k is the intrinsic permeability tensor, kr α is the relative permeability of the phase α, μα
is the fluid viscosity; Pα is the phase pressure, ρα is its density and g is the gravity vector. The
following intrinsic permeability function has been used because it gives flexibility to capture
large variations of porosity:
k = k0 exp
[
bk
(
φ−φ0
)]
I (2)
The reference permeability has been set to k0 = 10−12 m2 which corresponds to a typical
value for crushed salt for a porosity of φ0 = 0.30. The parameter that gives the variations
has been set to bk = 2.
For the relative permeability, the expression used in this study is:
krl = ASλke (3)
where A and λk are two constants. The value of A is assumed to be 1 and λ is equal to 3.
The retention curve for crushed salt was measured in the laboratory with specific tests.
The Van Genuchten model (1980) was used for the crushed salt:
Se = Sl − SrlSls − Srl =
(
1 +
(
Pg − Pl
P0 (σ / σ0)
) 1
1−λ
)−λ
(4)
where P0 represents the air entry value of the soil, and λ gives the shape of the retention
curve.
Figure 9 shows the results for retention curve as determined for 5 and 10% porosity. Fitting
these points to the van Genuchten model gives the parameters in Table 2.
For model calculations, λ was fixed to 0.60, due to the very low variation observed in the
experimental results for this parameter, and the air entry value was considered variable. This
would correspond to a porous material with pores reducing in size but maintaining a similar
distribution. An exponential function was also proposed for the capillary pressure (air entry
value):
P = P0 exp
(
bp
(
φ0 −φ
)) (5)
where bp and P0 are material parameters. The reference porosity is equal to φ0 = 0.30. In
order to fit the experimental results, P0 was set equal to 0.0016 MPa and bp = 4.
Figure 10 shows the dependence of intrinsic permeability and the air entry value (capillary
pressure) with porosity.
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Fig. 9 Retention curve determination at different porosities (experimental results and model adjustment)
Table 2 Parameters of van
Genuchten model φ0 P0 (kPa) λ
0.05 12 0.60
0.10 7 0.57
The non-advective flux of a species in a phase is composed by molecular diffusion and
mechanical dispersion. Fick’s Law is used to determine both of them. The expression of
Fick’s Law for molecular diffusion is:
iiα = −
(
φρα Sα DimI
)
∇ωiα (6)
where φ is porosity, ρα is density, Sα is saturation degree, ω is mass fraction and Dim is
the diffusion coefficient of species i in the phase α. The molecular diffusion of vapour is a
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Fig. 10 Intrinsic permeability and capillary pressure functions of porosity
function of temperature that can be calculated as:
Dvapm = τ D
(
(273 + T )n
Pg
)
(7)
where Pg is the gas pressure in Pa and τ is the tortuosity. The values of D and n are 5.9 ×
10−6 m2/s/K −n Pa and 2.3, respectively, and T is the temperature. Tortuosity was studied
in a sensitivity series of analyses that are not included for space reasons. The value adopted
for tortuosity was 0.3. This parameter is constant in the present calculations. However, it
can be considered a function of at least degree of saturation and porosity. Dependencies on
water content found in the literature are in fact a combination of both in a single function,
but here the porosity variations induced by salt precipitation and dissolution, the changes
in the retention curve induced by porosity variations, and so on, would probably require a
experimental program (for instance, diffusion experiments in samples with different porosity
and degree of saturation), which is beyond of the scope of this study.
The molecular diffusion of dissolved salt and dissolved air is:
Dm = τ D exp
( −Q
R (273 + T )
)
(8)
where Q is 24530 J/mol and D is 1.1×10−4 m2/s. The effect of the tortuosity (τ ) on molec-
ular diffusion of dissolved salt in the sample was not a subject of study, this parameter varies
between 0 and 1, and in this study it was fixed to 1.
Mechanical dispersion mass flux is computed by means of Fick’s law written as:
iiα = −
(
ρα D′α
)∇ωiα (9)
where the mechanical dispersion tensor is defined as:
D′α = dt |qα| I + (dl − dt)
qαqtα
|qα| (10)
and dl is longitudinal dispersivity and dt is transversal dispersivity. The values of dl and dt
are 0.10 and 0.05 m, respectively.
The conductive heat flux is computed through the Fourier’s law:
ic = −λ (T, φ, Sl)∇T (11)
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Table 3 Parameters for thermal conductivity of crushed salt
(λsolid)0 λgas λliq a1 a2 A3
5.734 W/mK 0.100 W/mK 0.600 W/mK −1.830 × 10−2 2.860 × 10−5 −1.510 × 10−8
Where the following functions were considered:
λsolid = (λsolid)0 + a1T + a2T 2 + a3T 3
λdry = λ(1−φ)solid λφgas λsat = λ(1−φ)solid λφliquid
λ = λ(1−Sl)dry λSlsat
(12)
The law allows determining the conductive flux of heat as a function of porosity φ and degree
of saturation (Sl) based on the conductivity of the solid (λs), liquid (λl) and gas (λg). For the
solid salt, temperature dependence is also considered. The values of the required parameters
are included in Table 3.
The remaining basic physical laws including the presence of the dissolved salt and the
mass (water, salt and air) and energy balance equations are not included in this article as they
were developed in Olivella et al. (1994, 1996a). They are used here in the modelling work as
they were described. The porosity variation is calculated from the following equation which
is obtained from the balance of salt in the porous media. The equation assumes equilibrium
of the dissolution/precipitation of salt.
∂φ
∂t
= 1(
ωhs ρs −ωhl ρl Sl
)
[
(1 − φ) ∂
(
ωhs ρs
)
∂t
+ φ ∂
(
ωhl ρl Sl
)
∂t
+ ∇ ·
(
jhl
)]
(13)
4 Modelling Laboratory Tests on Porosity Variations Induced by Temperature
Gradients
The laboratory tests on saline media to study the phenomena of porosity changes due to
temperature difference have been described above.
The problem was analysed under thermo-hydraulical conditions, which means that the
coupled balance of water, salt, air and energy have been solved. This was made using one-
dimensional finite elements (representing the axis of the cylindrical sample). The boundary
conditions are easy to impose as only two fixed temperatures in the sample ends had to be
imposed (5 and 85◦C). In terms of mass, the system is closed. All laboratory times (7, 15, 30
and 65 days) were selected as time steps of the analysis to compare directly the numerical
results with the laboratory tests.
A number of analyses were preliminary performed. Some of them can be found in Castagna
et al. (2000) together with preliminary experiments. In this process of modelling, it was
observed that the variables that showed the strongest influence on the results of the numer-
ical simulation of the test were the intrinsic permeability, the relative permeability and the
vapour diffusivity (tortuosity). Probably retention curve could be included in this series, but
its specific determination in the laboratory removed the uncertainty and appeared to be less
important. A similar thing happened with thermal conductivity which seemed not relevant
as its variability is small and the functions used for dependencies are appropriate.
Figure 11 shows the calculated evolution of porosity in the sample. The dissolution front
observed in the experiments forms as well and it also disappears as it reaches the cold side of
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Fig. 11 Model results for the evolution of porosity in the sample as a function of time
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Fig. 12 Model results for the evolution of degree of saturation in the sample as a function of time
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Fig. 13 Model results for the evolution of volumetric brine content in the sample as a function of time
the sample. The experimental results indicated a lower bound of porosity reduction in the cold
side and unfortunately this is not accomplished by the model which leads to porosity reduc-
tion by precipitation to lower values. The model does not take into account the size and the
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Fig. 14 Model results for the effect of initial porosity on porosity variation (results at 15 days)
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Fig. 15 Model results for the effect of initial degree of saturation on porosity variation (results at 15 days)
structure of the pores, it only considers the total amount of porosity, and perhaps the big pores
are strongly reduced as compared with the smaller ones. This is very difficult to capture with a
single dependency of the transport variables with porosity. Figure 12 shows that degree of sat-
uration is higher near the hot side which is a consequence of the retention curve considered as
a function of time. When the degree of saturation and porosity are combined the brine content
is obtained (Fig. 13) and this is qualitative consistent with the experimental observations.
Figure 14 shows the results of the simulation of three cases whose initial values of poros-
ity were 20, 30 and 40%. The initial porosity in the sample implies different properties
for diffusion of vapour, liquid flow and heat flow. Also, the retention capacity is modified
because the retention curve depends on porosity. However, with the functions defined above
it was only necessary to change the initial porosity, and the different functions modify the
following variables: vapour diffusivity, retention curve, thermal conductivity and hydraulic
conductivity. Of course, its variation continues during the process as porosity evolves with
time and space. Figure 14 shows that the model is able to capture the different behaviour at
different porosities. It is also clear from the numerical results, that the higher the porosity,
the higher the variations observed. This should be expected, as all the mass flows increase
with porosity and hence there is more capacity of the system to transport salt. For instance,
vapour diffusivity changes by a factor of 2 from 20% porosity to 40% porosity.
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Finally, Fig. 15 shows the influence of the initial degree of saturation in the sample. In
this case, the flowing parameters such as intrinsic permeability, thermal conductivity for dry
and wet are the same at the initial state as porosity is the same in all cases. However, the
degree of saturation variation has influence on relative permeability, thermal conductivity
and vapour diffusivity. But in this case, the evolution is quite similar and the initial degree
of saturation seems to have a small influence on the results. In fact, the lowest amount of
brine implies the highest effect. An interpretation of this effect is that the vapour diffusiv-
ity is the controlling transport process and it is not changing too much. Also, in all cases
considered the amount of water was sufficient to develop a similar vapour transport. Vapour
diffusivity changes only by a factor of 1.5 between degree of saturation of 10% (0.9) and
40% (0.6).
5 Conclusions
This article shows experimental evidences of porosity variations in saline media induced by
temperature gradients. This phenomenon was advanced by Olivella et al. (1996a,b) in a the-
oretical basis. Here, there is an experimental confirmation and application of the modelling
approach proposed 10 years ago without significative changes introduced. The modelling
carried out is important for future predictions of radioactive waste schemes. The main ten-
dencies in the porosity variations and humidity distribution have been captured in a qualitative
and quantitative way. Of course several improvements could be introduced. Some of these
are related to the equilibrium assumed for phase change processes: water evaporation and
salt precipitation. Considering these processes in transient would also permit to introduce
the effects of the structure of medium through the specific surface which may change as
dissolution and precipitation of salt takes place. As indicated above, parameters depend on
porosity which is a quantity that does not reflect the possible variations related to structure
of the pores. And this may be different, for instance, if dissolution or precipitation takes
place. Intrinsic permeability measurements in samples that have been subjected to disso-
lutionprecipitation would permit to improve the function that has been used in the present
model. The same applies to thermal conductivity and vapour diffusivity. Retention curve was
determined for different porosities, which were obtained by compaction and not by dissolu-
tionprecipitation. And it is clear that the same porosity reached by different processes may
imply different structure of the porous medium and hence different evolution of the processes
taking place.
The simulation of the different tests and the range of initial conditions covered by the
model as compared with the experiments are certainly encouraging. A future research may
be oriented to improve the shape of the dependencies that have been used in the present
model.
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Appendix: Set of Balance Equations Considered in This Study
The balance of mass of salt for the porous medium is:
∂
∂t
(
ωhs ρs (1 − φ) + ωhl ρl Sl φ
)
+ ∇ ·
(
jhl
)
= 0 (A.1)
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where:
ωiα Mass fraction defined as:
mass of component i
total mass of phase α ;
ρα Mass of α-phase per unit volume of α-phase, i.e. the density of the α-phase;
φ Porosity;
Sα Volumetric fraction of pore volume occupied by α-phase (gas or liquid), i.e. the
degree of saturation;
jiα Total flux of i-species in the α-phase
The time derivative term expresses the sum of the salt in solid phase (grains) and the
salt dissolved in the liquid phase. Flux of salt in liquid (jhl ) is the sum of a non-advective
counterpart (diffusion/dispersion) (ihl ) and an advective term caused by liquid motion, i.e.:
jhl = ihl + ωhl ρl ql (A.2)
The balance of mass of water for the porous medium is:
∂
∂t
(
ωwl ρl Sl φ+ωwg ρg Sg φ
)
+ ∇ ·
(
jwl + jwg
)
= 0 (A.3)
The storage term includes water in liquid and in the gas phase. Consequently, motion of
water is present in the liquid and in the gas phase. This motion can be divided in a non-
advective counterpart (diffusion/dispersion) and an advective term. Similarly, the air balance
is performed:
∂
∂t
(
ωal ρl Sl φ+ωag ρg Sg φ
)
+ ∇ ·
(
jal + jag
)
= 0 (A.4)
In the case of temperature equilibrium between the phases, the Energy balance for the porous
medium is:
∂
∂t
(
Es ρs (1 − φ) + El Sl ρl φ+EgSg ρg φ
) + ∇ · (ic + jE l + jEg
) = f E (A.5)
where Eα is the specific internal energy corresponding to each phase, f E is an internal/exter-
nal energy supply, i is the conductive flux and the various j are advective fluxes due to mass
movement in the different phases. The internal energy of the gas phase can be divided into
two terms: one for each species (water and air). In this way, the non-advective mass fluxes
for the components are considered. This is necessary because each mass component in a
phase transports different amounts of energy per unit mass. For instance, the latent heat in
water vapour is important and should be considered for the vapour in the gas that flows in a
different way as the air.
The balance of salt, gives the variations of porosity caused by the dissolution and precip-
itation.
∂
∂t
(
ωhs ρs (1 − φ) + ωhl ρl Sl φ
)
+ ∇ ·
(
jhl
)
= 0
∂ φ
∂t
= 1(
ωhs ρs −ωhl ρl Sl
)
[
(1 − φ) ∂
(
ωhs ρs
)
∂t
+ φ ∂
(
ωhl ρl Sl
)
∂t
+ ∇ ·
(
jhl
)] (A.6)
This equation is introduced in the balance of mass and energy to account for porosity vari-
ations in those equations. It should be mentioned that this equation cannot be resolved at a
point from the variations of variables because the flux term requires the fluxes.
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